Extracellular adenosine (ADO), generated from ATP or ADP through the concerted action of the ectoenzymes CD39 and CD73, elicits autocrine and paracrine effects mediated by type 1 purinergic receptors. We have tested whether the expression of CD39 and CD73 by chronic lymphocytic leukemia (CLL) cells activates an adenosinergic axis affecting growth and survival. By immunohistochemistry, CD39 is widely expressed in CLL lymph nodes, whereas CD73 is re-stricted to proliferation centers. CD73 expression is highest on Ki-67 ؉ CLL cells, adjacent to T lymphocytes, and is further localized to perivascular areas. CD39 ؉ / CD73 ؉ CLL cells generate ADO from ADP in a time-and concentration-dependent manner. In peripheral blood, CD73 expression occurs in 97/299 (32%) CLL patients and pairs with CD38 and ZAP-70 expression. CD73-generated extracellular ADO activates type 1 purinergic A2A receptors that are constitutively expressed by CLL cells and that are further elevated in proliferating neoplastic cells. Activation of the ADO receptors increases cytoplasmic cAMP levels, inhibiting chemotaxis and limiting spontaneous drug-induced apoptosis of CLL cells. These data are consistent with the existence of an autocrine adenosinergic loop, and support engraftment of leukemic cells in growth-favorable niches, while simultaneously protecting from the action of chemotherapeutic agents. (Blood. 2011;118(23):6141-6152) 
Introduction
Chronic lymphocytic leukemia (CLL) was traditionally considered an accumulative disease of immune incompetent monoclonal B lymphocytes expressing CD5 and CD23. 1 Recent data, however, have demonstrated that up to 1% of the leukemic clone renovates daily, implying that a sizeable fraction of neoplastic cells must die each day in patients with indolent clinical disease. 2, 3 The current most credited view identifies specific lymph node (LN) and bone marrow (BM) niches as sites of cellular turnover in CLL. 4 Here, anatomically defined structures termed proliferation centers are marked by the presence of Ki-67 ϩ proliferating CLL cells that interact with CD4 ϩ T cells and with the heterogeneous stromal components. 5, 6 In addition to cell-cell contacts, soluble mediators also drive CLL survival and proliferation, as inferred by studies using autologous blood serum or conditioned medium of stromal cells. 7, 8 Extracellular nucleotides and nucleosides, such as adenosine triphosphate (ATP) and adenosine (ADO), respectively, may participate in creating favorable conditions that promote tumor growth and survival, while suppressing the host immune responses. 9 Extracellular ATP binds multiple type-2 purinergic and pyrimidinergic (P2Y and P2X) receptors, influencing cellular metabolism, migration, proliferation, and apoptosis (reviewed in Burnstock 10 and Burnstock and Verkhratsky 11 ). Nucleotides also may serve as substrates for the ectonucleotidases that are surface molecules with catalytic sites located in the extracellular compartment. As examples, CD39 (ENTPD1, EC 3.6.1.5) hydrolyses ATP or ADP to AMP; AMP is then rapidly degraded to ADO by soluble or membrane-bound CD73 (5Ј-nucleotidase, EC 3.1.3.5). 12 ADO may be taken up by cells to reconstitute the nucleotide pool, or it may elicit potent immunosuppressive and anti-inflammatory responses, mediated through the interaction with a specific family of type 1 purinergic G protein-coupled receptors (A1, A2A, A2B, and A3). 13, 14 ADO production is an integral component of the suppressive machinery of regulatory T cells, blunting effector T-cell proliferation and secretion of T-helper 1-type cytokines. 15, 16 Less known are the effects mediated by the adenosinergic axis through autocrine mechanisms. 17 Several lines of evidence suggest that the tumor microenvironment is marked by increased turnover of extracellular nucleotides 18 and nucleosides, 19 as well as by up-regulation of ectoenzymes that dismantle them. Elevated expression and activity of CD73 have been reported in several types of solid tumors 20 and in certain types of leukemia, 21 suggesting that it may be beneficial to the survival of tumor cells and could promote metastatic spread. 22 These effects Submitted August 19, 2011; accepted October 6, 2011. Prepublished online as Blood First Edition paper, October 13, 2011; DOI 10.1182/blood-2011-08-374728.
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The publication costs of this article were defrayed in part by page charge payment. Therefore, and solely to indicate this fact, this article is hereby marked ''advertisement'' in accordance with 18 USC section 1734. might be achieved through multiple processes, involving ADOmediated autocrine and paracrine mechanisms. 23 On these grounds, we have investigated expression of CD39 and CD73 by CLL cells and evaluated the functional significance of the autocrine ADO production supporting the survival of the leukemic cells and their expansion.
Methods

Patient samples
We obtained 299 CLL blood samples in accordance with Institutional Guidelines at the University of Turin and Declaration of Helsinki. Analyses are detailed in supplemental Methods (available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
Cells were cultured in AIM V serum-free medium (Invitrogen). Activation was induced using CpG ODN2006K (1 g/mL; TibMolBiol) and recombinant human IL-2 (100 IU/mL; R&D Systems).
Reagents
ADP, AMP, ADO, HPLC-grade reagents (methanol and acetonitrile), etoposide, fludarabine, CGS21680 (A2A receptor agonist), SCH58261 (A2A receptor antagonist), ␣,␤-methylene-ADP (APCP), and forskolin (adenylate cyclase activator) were from Sigma-Aldrich.
Immunohistochemistry and immunofluorescence microscopy
Formalin-fixed, paraffin-embedded sections of LNs infiltrated by CLL cells were from the departments of pathology of the universities of Turin, Eastern Piedmont, and Palermo, Italy. Sections from 27 CLL cases were deparaffinized, and endogenous peroxidase activity was blocked. Epitope retrieval was performed in 0.01M citrate buffer, pH 6.0 (for 40 minutes at 98°C). Antibodies used are detailed in supplemental Methods. Samples were counterstained with 4,6-diamidino-2-phenylindole and mounted in Slow-Fade Gold reagent (both from Invitrogen). Slides were analyzed using a TCS SP5 laser scanning confocal microscope with 4 lasers (Leica Microsystems); images were acquired with LAS AF Version Lite 2.4 software (Leica Microsystems) and processed with Photoshop (Adobe Systems). Pixel intensity analyses were performed using ImageJ (National Institutes of Health; http://rsbweb.nih.gov/ij/) and LAS Application Suite Version 3.8 software (Leica Microsystems).
FACS analyses
Abs used are detailed in supplemental Methods. Data were acquired using a FACSCanto II cytofluorimeter (BD Biosciences) and processed with FlowJo Version 9.01 software (TreeStar).
RNA extraction and quantitative RT-PCR
RNA was extracted using RNeasy Plus Mini kit (QIAGEN) and converted to cDNA using the High Capacity cDNA Reverse Transcription kit (Applied Biosystems). Quantitative real-time PCR (RT-PCR) was performed using the 7900 HT Fast Real Time PCR system (SDS2.3 software) using commercial primers (TaqMan Gene Expression Assays; Applied Biosystems). The comparative CT method was used to calculate the expression relative to the endogenous control. 24 
HPLC measurement of adenosine
Purified CLL cells were incubated (for 60 minutes at 37°C) in AIM V medium with 100M ADP. Supernatant preparation and HPLC separation procedures are detailed in supplemental Methods. All concentrations are expressed as micromoles per hour per 10 6 cells.
Intracellular cAMP measurements
Resting or activated purified CLL cells (2 ϫ 10 5 /well) were incubated (for 30 minutes at 37°C) with CGS21680 (1-10M) or forskolin (10M). Intracellular cAMP was measured using an enzyme immunoassay (GE Healthcare).
Chemotaxis assay
Chemotaxis assays to CXCL12 (60 ng/10 6 cells/well; R&D Systems) were performed in the Boyden chamber, as described previously. 25 When indicated, CLL cells (10 6 /well) were preincubated with CGS21680 (1-10 M; for 30 minutes at 37°C) or APCP (10-3 M, 60 minutes, 37°C) before washing and plating in the upper part of the chamber. ADO was left for the whole length of the assay (4 hours). The migration index (MI) was calculated as follows: number of CD19 ϩ /CD5 ϩ cells transmigrating in presence of CXCL12/number of CD19 ϩ /CD5 ϩ cells transmigrated in absence of the chemokine. 25 The MI obtained in the presence of CXCL12 alone was considered 1, and a fold difference was calculated for the different treatments. Chemotaxis was measured in 2 separate wells for each condition.
Apoptosis assay
Freshly purified CLL cells were pre-treated with CGS21680, SCH58261 (1-10M, for 30 minutes at 37°C) and APCP (3-10M for 60 minutes at 37°C). Cells were plated (3 ϫ 10 5 /well) in AIM V medium, adding extracellular ADO (50M). Apoptosis was induced with etoposide (50M, for 16 hours at 37°C) or fludarabine (5M, for 48-72 hours at 37°C) and measured with an annexin V-FITC Apoptosis kit (Invitrogen).
Western blot analysis
Whole cell lysates were resolved by SDS-PAGE and transferred to polyvinylidene difluoride membranes (Millipore). 25 Abs used are detailed in supplemental Methods. Densitometric analyses were performed using the ImageQuant TL Version 1 software (GE Healthcare).
Statistical analyses
Continuous variables were compared by Student t, Mann-Whitney U, or Wilcoxon signed rank tests. Correlation between continuous variables was assessed using Pearson correlation coefficients. Data were analyzed with SPSS Version 18.0 (SPSS) and Prism software Version 5.0 (GraphPad Software).
Results
CD73 is expressed in proliferation centers and in perivascular areas
CD39 and CD73 are members of a pathway of ectoenzymes that participate in a cascade leading to ADO synthesis. They are coexpressed on many cells, including regulatory T cells, and by the vasculature within solid tumors. The adenosinergic axis acts in a local microenvironment, where extracellular levels of ATP and ADP might be increased as a consequence of an accelerated cellular turnover. CD39 and CD73 expression patterns were investigated by immunohistochemistry in LN sections from CLL patients. The samples (n ϭ 27) displayed an almost complete effacement of the normal LN architecture by CLL cells and evidence of morphologically distinct pseudofollicles, comprising areas rich in prolymphocytes and paraimmunoblasts. CD39 was scored positive in all cases, with different intensities across samples. Besides leukemic lymphocytes, the stromal meshwork also was intensely CD39 ϩ ( Figure 1A-B ). CD73 expression was scored positive in 10/27 cases (37%). Expression was significantly higher in the paler areas corresponding to the proliferation centers ( Figure 1C -E) and in perivascular areas ( Figure 1F ). The percentage of CD73 ϩ areas was 16.12 Ϯ 3.15% in the proliferation centers and 12.35 Ϯ 2.11% in perivascular areas, compared with 1.5 Ϯ 0.45% in the rest of the section (P ϭ .001 and P Ͻ .0001, respectively; Figure 1G -H). At high magnification, CD73 ϩ cells displayed most commonly the morphologic features of prolymphocytes ( Figure 1E ).
The proliferation centers are areas of intense proliferation of leukemic cells and heavy infiltration by T cells, mostly CD4 ϩ / CD25 ϩ . 6 Multicolor immunofluorescence confocal microscopy of LN tissue sections (n ϭ 10) was used to examine the proliferation centers, based on the presence of high numbers of Ki-67 ϩ / proliferating CD23 ϩ /CLL cells in close contact with CD2 ϩ / T lymphocytes (Figure 2A-B ). CD73 and CD23 were almost exclusively coexpressed, underlying a subpopulation of CLL cells predominantly located in proliferation centers, as shown by more intense staining in Ki-67 ϩ areas ( Figure 2C -D). CD23 ϩ /Ki-67 ϩ / CD73 ϩ proliferating CLL cells exhibited a tight spatial relationship with infiltrating T lymphocytes ( Figure 2E -F). Quantitative measurements of fluorescence intensity confirmed that proliferation centers contained CLL cells expressing CD73 at higher levels than those found in surrounding areas with low numbers of Ki-67 ϩ cells (P Ͻ .0001; Figure 2D ). These studies also indicated that CD73 fluorescence intensity was markedly increased in leukemic cells adherent to CD2 ϩ lymphocytes, compared with CLL cells not associated with T lymphocytes (P Ͻ .0001; Figure 2F ). Immunofluorescence studies confirmed that CD73 is highly expressed by endothelial cells 12 and that CD23 ϩ /CD73 ϩ leukemic cells are present in perivascular areas, where intense recirculation to and from LNs occurs ( Figure 2G ). Quantitative data demonstrated a significant difference between the fluorescence intensity of CD23 ϩ /CD73 ϩ cells in perivascular areas compared with the same cells in other areas of the slide (P Ͻ .0001; Figure 2H ). 
CD73 expression in circulating CLL cells is heterogeneous and associates with molecular markers linked to a more aggressive disease
We then evaluated whether CD39 and CD73 expression was maintained by circulating CLL cells, as first examined in a pilot cohort of 35 CLL patients. CD39 was constantly present at high levels in the majority of neoplastic CD19 ϩ lymphocytes (mean Ϯ SEM percentage of expression, 88 Ϯ 6%), with minor variations in the mean fluorescence intensity (MFI; mean, 612 Ϯ 75; Figure  3A -C). In contrast, CD73 was variably expressed by the leukemic cells, with 21/35 patients (60% of the cohort) with less than 10% of CD19 ϩ /CD73 ϩ cells in the peripheral blood (mean Ϯ SEM percentage of expression, 20 Ϯ 27%; Figure 3A -C). RT-PCR data confirmed that CD39 mRNA was highly expressed in all samples, although with quantitative samples variations, whereas CD73 showed undetectable to low levels in approximately half of the patients examined (18/35, 51%; Figure 3D ).
CD73 expression was generally stable over time, as determined by checking surface levels of the molecule in samples obtained from the same patient, after at least a 6-month time interval without intervening therapies (P ϭ .45; supplemental Figure 1A ).
To confirm these findings, expression of CD73 was then tested on the CD19 ϩ subset of a larger CLL cohort (n ϭ 299). These studies confirmed that ϳ 30% of patients have clearly identifiable CD19 ϩ /CD73 ϩ populations (mean Ϯ SEM percentage of expression, 25.4 Ϯ 28%; supplemental Figure 1B ). CD73 expression was significantly higher on the CD38 ϩ subset compared with the CD38 Ϫ counterparts (P ϭ .001; Figure 3E ). The same difference in expression was observed among cohorts of ZAP-70 ϩ and ZAP-70 Ϫ patients (P ϭ .001; Figure 3F ). In line with immunohistochemical data, a subset of CLL clones (n ϭ 15) selected on the basis of high expression of CD73 (Ͼ 70%) displayed significantly higher levels of CD19 ϩ /Ki-67 ϩ compared with the CD73 low (Ͻ 10%) counterpart (n ϭ 10), that latter or which expressed low levels of CD19 ϩ /Ki-67 ϩ leukemic lymphocytes (4.06 Ϯ 1.32% vs 1.27 Ϯ 0.49%; P ϭ .02; Figure 3G ). These results demonstrate that CD73 expression marks the CLL subset characterized by a more intense recirculation to and from For personal use only. on April 13, 2017. by guest www.bloodjournal.org From lymphoid organs, by a more aggressive clinical behavior and by a higher cellular turnover.
CD39 ؉ /CD73 ؉ CLL cells produce ADO
We then asked whether CD39 ϩ /CD73 ϩ circulating CLL lymphocytes could efficiently synthesize ADO. A quantitative HPLC assay was used to measure the substrates (ADP and AMP) and the final product (ADO) in a single HPLC run. Purified CLL cells from patients expressing homogeneous levels of CD39, but CD73 at variable intensity, were incubated (for 1 hour at 37°C and 5% CO 2 ) with ADP as the substrate (final concentration, 100M), using an adenosine deaminase-free medium. Supernatants were collected and deproteinized before loading in the HPLC equipment. Results indicate that ADO was selectively produced by CD73 ϩ CLL clones ( Figure 4A ). Under these experimental conditions, more than 30% of positive cells served as the best functional cut-off for CD73 expression ( Figure 4A-B) . The subset of patients expressing more than 30% CD73 (indicated as CD73 ϩ ) invariably catalyzed the production of more than 20 mol of ADO/h/10 6 cells. In contrast, none of the CLL cells expressing less than 30% CD73 (CD73 Ϫ ) produced more than 20 mol ADO/hour/10 6 cells (P Ͻ .0001; Figure 4B ). Moreover, all CLL cells could degrade ADP to AMP, confirming that CD39 is enzymatically active. However, when patients were stratified on the basis of CD73 expression, CD73 ϩ cells consumed significantly more ADP, probably in view of the lack of a feedback inhibitor mechanism driven by AMP accumulation (P ϭ .02; Figure 4C ). 26 Consistently, AMP levels were higher in the CD73 Ϫ than in the CD73 ϩ subset of patients, indirectly supporting the notion of an impairment in the pathway leading to ADO (P ϭ .04; Figure 4D ).
Preincubation of CD73 ϩ CLL cells with APCP, a known inhibitor of CD73 enzymatic activities, significantly inhibited ADO production, confirming that CD73 is the predominant AMPase (P Ͻ .0001; Figure 4B ). The same treatment had no effect on the CD39-dependent ADP to AMP conversion or on CD73 Ϫ CLL cells (data not shown).
These results demonstrate that the enzymatic cascade leading to ADO synthesis is selectively active in CD73 ϩ CLL cells that might be predicted to have poor prognostic features. They also identify 30% of surface expression as a functional cut-off for CD73.
A2A receptor is expressed by CLL cells
Physiologically, extracellular ADO can either be rapidly internalized or can bind P1 receptors. 27 RT-PCR analyses showed selectively high levels of the A2A receptor (P Ͻ .0001; Figure 5A ), the receptor that is the most commonly involved in anti-inflammatory and antitumor responses. 27 Expression of A1, A2B, and A3 receptors was invariably low to undetectable ( Figure 5A ). Furthermore, A2A receptor mRNA was present at significantly higher levels in CLL patients than in normal B lymphocytes purified from peripheral blood of sex-and age-matched healthy donors (P ϭ .001; Figure 5B ). A2A expression was apparently independent of surface CD73 levels (P ϭ .45; data not shown), suggesting that the enzyme per se represents the limiting factor in the adenosinergic axis of CLL lymphocytes. An HPLC assay was adopted to follow the enzymatic conversion of ADP to AMP (CD39 dependent) and to ADO (CD73 dependent). (A) Representative CD39 ϩ / CD73 ϩ (left) and CD39 ϩ /CD73 Ϫ (right) patients are shown at t ϭ 0 and after 60 minutes of incubation with 100M ADP under physiologic conditions. ADP, AMP, and ADO are shown in a single HPLC run. Cumulative data of ADO production in presence or absence of 10M APCP (B), ADP consumption (C), or AMP production (D) in CD73 Ϫ and CD73 ϩ CLL patients. A functional cut-off for CD73 expression was designated at 30%. Peak identities were confirmed by comparing the retention times and the UV spectra of samples with standard compounds. Concentrations were calculated by comparing the peak area of samples with calibration curves for peak areas of each standard. All concentrations are expressed as micromoles per hour per 10 6 cells. Statistical analysis was performed using Mann-Whitney U test. n ϭ 20.
ADO binding to the A2A receptor leads to the activation of the coupled stimulatory G protein and to the consequent increase of intracellular cAMP concentrations. Consistently, ligation of A2A with the specific agonist CGS21680 was followed by a significant increase in cytoplasmic cAMP levels, confirming that the receptor expressed by CLL cells is functional (P ϭ .01; Figure 5C ).
The levels of the A2A receptor were next tested in purified CLL cells activated in vitro using Toll-like receptor-9 (TLR-9) agonists and IL-2, to promote maximal activation and proliferation of CLL cells. The results indicate that A2A mRNA levels significantly increased after activation of CLL cells (P ϭ .02 compared with baseline levels and P ϭ .04 compared with CLL cultured for 48 hours; Figure 5D ). In agreement with the expression data, activated CLL cells showed increased cAMP levels compared with nonactivated CLL cells when exposed to the A2A agonist CGS21680 (P ϭ .05; Figure 5C ).
ADO inhibits CLL cell chemotaxis
We then focused on the role played by extracellular ADO in CLL homeostasis, in keeping with the hypothesis that this nucleoside works as an autocrine factor in closed systems. The finding of higher CD73 levels on cells in perivascular areas, along with the preferential expression of CD73 in the CD38 ϩ /ZAP-70 ϩ recirculating CLL subset, suggests that the ATP-ADO axis modulates chemotactic responses of CLL cells. CXCL12 was used as prototype chemokine, because it drives CLL recirculation to and from lymphoid organs. 28 Addition of ADO significantly hampered cell motility toward the CXCL12 chemokine in a dose-dependent way, and maximal inhibition was observed at ADO levels of 50M (mean, 0.45; P ϭ .03; Figure 6A ). The same effect was obtained after pretreating CLL cells with the A2A agonist CGS21680, suggesting that activation of the A2A receptor and the consequent increase in intracellular cAMP levels are necessary steps to stop chemokine-driven cell migration (mean, 0.46; P ϭ .03; Figure 6A ).
The essential role of CD73 was shown using the specific APCP inhibitor to block the enzymatic activity, leading to significantly increased chemotactic responses with removal of ADO (mean, 1.36; P ϭ .02; Figure 6A ). The effect was reversed in the presence of extracellular ADO, suggesting that in this system the main contribution of CD73 to chemotaxis is via ADO production through its enzymatic activity (mean, 0.74; P ϭ .002; Figure 6A ). The blocking effects mediated by APCP were only apparent when using CD73 ϩ CLL cells; no modification was observed when testing CD73 Ϫ cells (data not shown). These results are in line with evidence obtained in other models and suggest that nucleosides act as short-range signals causing cells that have been attracted by long-range chemokines to stop where the chemokine concentrations are highest. 29 One of the proposed mechanisms for ADO to impair chemotaxis is by down-regulating CXCR4 expression. 30 In line with this view, the CD73 ϩ subset of a selected cohort of CLL patients (n ϭ 45) expressed CXCR4 at significantly lower intensity than the CD73 Ϫ counterpart (CXCR4 MFI in the CD73 ϩ subset 534.7 Ϯ 20.79 vs 621.9 Ϯ 18.8 in the CD73 Ϫ subset, P ϭ .007; Figure 6B ). No significant differences were observed in the percentage of CXCR4 ϩ cells (mean Ϯ SEM percentage of expression in the CD73 ϩ subset, 86.46 Ϯ 1.57% vs 86.67 Ϯ 1.34% in the CD73 Ϫ subset; P ϭ .38; Figure 6C ).
ADO is part of an autocrine signaling loop that protects CLL cells from spontaneous and drug-induced apoptosis
Attention was then focused on the role of the adenosinergic axis in modulating CLL apoptosis. Addition of extracellular ADO to cultures of purified CLL cells significantly inhibited spontaneous apoptosis, with the maximal effects observed at 50M (P ϭ .02; Figure 7A ), within the range of concentrations measured in the HPLC studies. Apoptosis inhibition was highlighted after 16 hours and then decreased progressively, suggesting that the molecule is rapidly consumed (data not shown). 
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BLOOD, 1 DECEMBER 2011 ⅐ VOLUME 118, NUMBER 23 For personal use only. on April 13, 2017. by guest www.bloodjournal.org From An antiapoptotic effect of ADO was also apparent when cells were treated with chemotherapeutic agents. Etoposide was selected as a DNA-damaging agent that robustly triggered apoptosis already after 16 hours ( Figure 7B ). ADO added at the beginning of the culture yielded a highly significant and dose-dependent protective effect (mean Ϯ SEM percentage of apoptosis in etoposide-treated cells, 48 Ϯ 16% vs 36 Ϯ 13% with the etoposide/ADO combination; P ϭ .03; Figure 7B ). Treatment with the selective A2A agonist CGS21680 indicated that the protection from apoptosis induced by ADO is mainly mediated via activation of the A2A receptor (mean Ϯ SEM percentage of apoptosis in etoposidetreated cells, 48 Ϯ 16% vs 34 Ϯ 12% with the etoposide-CGS21680 combination; P ϭ .05; Figure 7B ). Consistently, inactivation of the A2A receptor by pretreatment with the selective antagonist SCH58261 abrogated protection from apoptosis (mean Ϯ SEM of apoptosis in etoposide-CGS21680-treated cells, 34 Ϯ 12% vs 55 Ϯ 3% with the etoposide-SCH58261-CGS21680 combination; P ϭ .02; Figure 7B ). The effects derived from targeting the adenosinergic axis downstream of CD73 were comparable in the CD73 ϩ and CD73 Ϫ CLL subsets, in keeping with a relatively homogeneous A2A expression by CLL cells.
Treatment with APCP, the specific inhibitor of CD73, provoked a modest increase in spontaneous apoptosis (mean Ϯ SEM percentage of spontaneous apoptosis, 25 Ϯ 8% vs 32 Ϯ 5% with APCP; P ϭ .14), selectively in CD73 ϩ CLL cells, then used for this set of experiments ( Figure 7C ). CD73 blockade in the presence of etoposide significantly increased apoptosis (mean Ϯ SEM percentage of apoptosis in etoposide-treated cells, 48 Ϯ 14% vs 67 Ϯ 7% in the etoposide-APCP combination; P ϭ .01; Figure 7C ). The synergistic effect was corrected by exogenous ADO, confirming that CD73 is necessary for ADO generation by CLL cells (mean Ϯ SEM percentage of apoptosis in the etoposide-APCP combination, 67 Ϯ 7% vs 49 Ϯ 9% with etoposide-APCP-ADO; P ϭ .008; Figure 7C ).
Comparable effects were also measured after exposing purified CLL cells to fludarabine, a widely used drug in the therapy of CLL patients. The onset of apoptosis after fludarabine exposure is slower than with etoposide, with effects evident 48 to 72 hours after beginning of cultures. Addition of ADO at the beginning of the cultures resulted in a statistically significant inhibition of apoptosis, which was even more evident if ADO was added repetitively at 12 hours intervals, in keeping with the notion that extracellular ADO is rapidly consumed or taken up by cells (mean Ϯ SEM percentage of apoptosis in fludarabinetreated cells, 55 Ϯ 17% vs 19 Ϯ 5% in the fludarabine-ADO combination; P ϭ .001; Figure 7D ). ADO protection was dependent on the presence of functional A2A receptors, as shown using the selective agonist CGS21680. This compound inhibited the apoptotic process, even if it did not achieve levels seen with ADO (mean Ϯ SEM percentage of apoptosis in fludarabinetreated cells, 55 Ϯ 17% vs 29 Ϯ 6% in the fludarabine-CGS combination; P ϭ .006; Figure 7D ). Inactivation of A2A receptor by pretreatment with the antagonist SCH58261 rendered CLL cells insensitive to CGS21680 protective effects (data not shown). CD73 blockade induced by APCP treatment led to a significant increase in the apoptotic rate, as observed in the case of etoposide (mean Ϯ SEM percentage of apoptosis in fludarabine-treated cells, 55 Ϯ 17% vs 75 Ϯ 20% in the fludarabine-APCP combination; P ϭ .04; Figure 7D ). Although effects induced by ADO and by pharmacologic targeting of the A2A receptor were independent of CD73 expression, APCP was active only on the CD73 ϩ subset.
These results indicate that ADO may act, at least in part, through the activation of the A2A receptor increasing intracellular cAMP levels. This mechanism has been linked to inactivation of the p53 pathway in neoplastic B cells. 31 In line with this hypothesis, Western blot analyses showed that the addition of ADO in combination with etoposide significantly decreased the activation of Mcl-1 and BAX, 2 p53-dependent proteins in the pathway leading to the activation of caspase-3 (P ϭ .01; Figure 7E-F) . Accordingly, the association of etoposide and ADO significantly increased the inactive form of caspase-3 ( Figure 7E-F) . Similar effects were obtained by combining etoposide with the CGS21680 agonist, underlining the relevance of the A2A receptor in protecting from apoptosis (P ϭ .04). Lastly, the combination of etoposide and APCP significantly increased the apoptosis compared with etoposide alone (P ϭ .02; Figure 7E -F). 
Discussion
CLL cells show markedly distinct behaviors in the blood or in the LNs, with proliferation occurring almost exclusively in the latter. These observations suggest that local microenvironments provide elements and conditions supporting growth, diffusion, and resistance to therapy. Results of this work support the view that the adenosinergic axis composed by the ectoenzymes CD39 and CD73 and by type 1 purinergic receptors modulate these processes. When analyzed in the LN microenvironment, CD39 is widely expressed by neoplastic cells, as well as by surrounding nonneoplastic stroma. On the contrary, CD73 is mostly restricted to CLL proliferation centers and confined to cells with a prolymphocyte and paraimmunoblast morphology, suggesting that ADO generation is confined to specific tissue niches and to specific cell subpopulations therein. When analyzed in the peripheral blood, CD39 is constantly expressed at high levels by CLL cells, confirming previous data. 32 Approximately one-third of patients have a distinguishable subpopulation of CD19 ϩ /CD73 ϩ cells, confirming the indications coming from tissue biopsies and from selected previous studies using smaller cohorts. 33, 34 The CD73 ϩ patient subset is characterized by increased expression of CD38 and of ZAP-70, both negative prognostic markers, 35, 36 and functionally involved in the regulation of CLL homing to the LN microenvironment. 25, 37 The CD73 ϩ subset also is enriched in Ki-67 ϩ (proliferating) CLL cells, suggesting that it is characterized by an increased CLL cell turnover. The contribution of CD73 to the formation of ADO has been revealed in several experimental models 38, 39 and is confirmed in this work. Extracellular ADO is produced by purified CLL cells in amounts compatible with the range of concentrations that have been measured in tumor tissues. 40 Blockade of CD73 biochemical activity by a specific inhibitor blunts ADO production, indicating that CD73 is the main surface ectoenzyme generating ADO in CLL. Considered together, the tissue distribution and enzymatic data suggest that (1) CD73 functions as a rate limiting enzyme in the activation of the adenosinergic axis and that (2) ADO production is critically restricted by CD73 expression, in turn tightly regulated by environmental signals. [41] [42] [43] The conclusion is that ADO production is mostly confined to the proliferation centers of the CLL LNs.
ADO exerts a variety of anti-inflammatory effects mediated by 4 specific type 1 purinergic receptors. CLL cells constitutively express high levels of the A2A receptor, further increased in proliferating leukemic cells. The signaling pathway initiated by A2A leads to increased cytoplasmic cAMP levels that modulate different signaling pathways. 14 A2A activation was demonstrated in resting CLL cells treated in vitro with a selective agonist and found increased during proliferative responses.
Considered in a global view of the disease, these findings suggest that the adenosinergic axis is mostly active in tissue niches where extracellular nucleotides are elevated as a consequence of enhanced cellular turnover, the enzymatic machinery is expressed and the downstream receptors are present at high levels. Multicolor confocal microscopy confirms that CD73 expression is typically associated with proliferating CLL cells that display privileged interactions with neighboring nonneoplastic T cells. 44 Our second finding is that CD73 expression by CLL cells is high in perivascular areas, suggesting that the molecule is involved in chemotaxis and homing processes. 45 Using CXCL12 as chemoattractant, we show that CD73generated ADO inhibits migration, via activation of the A2A receptor, in line with models that propose that the adenosinergic axis regulates locomotion of immune cells. 29, 46 The inference in the CLL context would be that leukemic cells are attracted to LNs by CXCL12 that provides a long-range signal, whereas local ADO induces a short-range stop signal 29 that keeps cells in a growthfavorable environment. A2A effects on chemotaxis are believed to rely mainly on surface down-regulation of chemokine receptors 30, 47 and cAMP-mediated chemokine receptor desensitization. 48 In line with these observations, CXCR4 surface expression levels were markedly down-regulated in CD73 ϩ patients.
We then asked whether these findings might be relevant to the course of the disease by testing the influence of extracellular ADO on the effects mediated by drugs. The role of ADO on apoptosis is controversial. Some studies show that it reduces viability, arrests the cell cycle, and induces apoptosis, 49 whereas other studies support a cytoprotective role. 50, 51 A plausible explanation for these contrasting results is related to the expression of different types of ADO receptors that could activate or block the synthesis of intracellular cAMP and by the subsequent relative increase or decrease in cAMP concentrations. Our results document that extracellular ADO has potent effects in protecting CLL cells from spontaneous or etoposide-induced apoptosis. These effects are apparent in a specific dose range (30-60M), compatible with the concentrations measured in HPLC studies and in line with evidence favoring a dose-specific effect of ADO. 27 The observation that an A2A receptor agonist delivers comparable effects indicates that ADO functions by activating the A2A receptor. These findings are in keeping with data showing protective effects mediated by cAMP through the activation of the NF-B pathway, in turn impairing the p53-dependent apoptotic process. 52 Consistently, exposure of CLL cells to ADO in the presence of etoposide modulates the expression of the p53-dependent genes Mcl-1 and BAX, ultimately decreasing activation of caspase-3.
When CLL cells are treated with fludarabine, a mainstay in CLL therapy, a repeated supply of ADO induces complete protection from apoptosis. This effect is not fully recapitulated by the A2A agonist, suggesting that in this setting ADO activates both A2Adependent and -independent protective mechanisms. However, because ADO and fludarabine are remarkably similar, it is possible that they compete for nucleoside transporters that mediate entrance to the cell 53 and for intracellular effectors. If this is true, then excess amount of extracellular ADO would limit fludarabine accessibility to its final targets, one of the proposed mechanisms behind fludarabine resistance. 54 Together, these results suggest that targeting the adenosinergic axis might have considerable therapeutic impact in the control of CLL progression and/or in potentiating the effects of chemotherapy. One manner to achieve this goal could be via blocking of CD73, an approach proposed for solid tumors. 20 This may, however, be detrimental in the CLL context of chemotherapy, considering that soluble CD73 seems to be one of the main phosphatases that transform fludarabine phosphate (Fludara) into the active drug. 53 Although other serum phosphatases may compensate for the loss of CD73, this specific issue should be considered in patients receiving chemotherapy with fludarabine. Alternatively, the use of antagonists of the A2A receptor that could limit the increase in cytoplasmic cAMP levels associated with antiapoptosis and chemoresistance may be envisioned. There are several specific antagonists of the A2A receptor, one of which, Preladenant, has been in clinical trials for Parkinson's disease. 55 The drug can be administered orally and has been generally well tolerated.
In conclusion, the data presented in this work highlight the existence of local microenvironmental conditions that favor accumulation of extracellular ADO specifically in the proliferation centers of CLL LNs. The results identify an autocrine signaling loop that contributes to creating a "protective halo" around the proliferating elements of the leukemia, providing partial protection from the action of chemotherapy. It remains to be determined whether there is also a paracrine component that modulates communications between ADO-producing CLL cells and the surrounding nonneoplastic cellular component, as was shown in solid tumor models. 56 Among follicular dendritic cells, endothelial cells, and T lymphocytes, the latter population is perhaps the first candidate to be tested in a paracrine hypothesis. Preliminary data indicate that T cells purified from CLL patients express significantly higher levels of the A2A receptor compared with the same population purified from age-and sex-matched donors (S. S., S. D., unpublished observation). Future work will determine whether ADO production also might be relevant in T-cell homeostasis and in further shaping T-cell responses, favoring the production of T-helper 2-type cytokines that are essential for CLL growth and angiogenesis.
